ABSTRACT. The objective of this study was to analyze the diversity and discrimination of high-performance Brazilian rice cultivars using microsatellite markers. Twenty-nine rice cultivars belonging to EMBRAPA Arroz e Feijão germplasm bank in Brazil were genotyped by 24 SSR markers to establish their structure and genetic discrimination. It was demonstrated that the analyzed germplasm of rice presents an expressive and significant genetic diversity with low heterogeneity among the cultivars. All 29 cultivars were differentiated genetically, and were organized into two groups related to their upland and irrigated cultivation systems. These groups showed a high genetic differentiation, with greater diversity within the group that includes the cultivars for irrigated system. The genotyping data of these cultivars, with the morphological e phenotypical data, are valuable information to be used by rice breeding programs to develop new improved cultivars.
INTRODUCTION
Rice (Oryza sativa L.), one of the world's most cultivated cereals, is considered a staple of the diet of more than half the world population, with a huge socioeconomic significance (Cheng et al., 2017) . World rice production has doubled over the past 25 years due to the use of advanced technologies such as new varieties with higher yields and better management practices (IRRI, 2017) . However, estimates from the Food and Agriculture Organization of the United Nations indicate that rice production is expected to double with the aim to fulfil the world population needs over the next 50 years (Santos et al., 2006) . The need for development of cultivars with greater productive potential stability of production is, therefore, evidenced.
Plant breeding performed by crossings among conventional varieties represents a good strategy to maximize productivity and maintain grain quality (Miranda et al., 2003; Zeng et al., 2017) , as well as to reduce unwanted segregation. The available genetic diversity is an important component for the success of breeding programs favoring the selection of appropriate parents for crossings resulting on heterosis and for recombination (Breseghello and Coelho, 2013) . Thus, detailed knowledge of the genetic divergence of known high-yield rice cultivars may increase the chance of developing new cultivars with higher productive capacity, resistance to diseases and pests, high grain quality, and adaptation to new environments (Yap et al., 2016; Zeng et al., 2017) .
Historically, rice is one of the oldest domesticated cereals. However, official breeding programs for this crop in Brazil only began in the 1930's. Then, the rice crop went through successive stages of selections and evaluations, producing, over the years, several cultivars of high performance and with advantages over those already existing in the market (Soares et al., 2004) . In the period from 1983 to 2005, Embrapa Arroz e Feijão, and partner institutions, launched dozens of cultivars, recommended for different Brazilian regions (Breseghello et al., 1998; Abadie et al., 2005) . Although there is a high proportion of parent-sharing in the rice cultivar development process, there is a morphological variation between them (Silva et al., 1999; Bueno et al., 2012) , as for example cultivars that share two parents, as BR4 with the cultivars Emcapa and BRSMT Vencedora, and BRSM 1 with Jequitibá.
The narrow genetic base of the rice lines and cultivars, already discussed by several authors (Bonow et al., 2001; Pereira and Cruz, 2003; Abadie et al. 2005) has caused concern to the researchers due to the reduction of effective recombination and genetic gains. This may contribute to vulnerability to new pests, diseases and environmental changes, as well as to limit productivity levels (Abadie et al., 2005) . Therefore, evaluating the genetic diversity and discrimination of the germplasm available is important to increase the efficiency of rice breeding programs.
Molecular markers are successfully used in selection of distinct genotypes for breeding, in order to increase the number of recombination events, resulting in new allelic combinations and greater chance of obtaining superior genotypes (Pereira et al., 2008) . Microsatellite markers (SSR) are useful in the characterization of cultivars due to their reproducibility, multiallelism, codominant inheritance and good genome coverage, allowing the genetic discrimination even in related cultivars (Guichoux et al., 2011) . SSRs have been used in the evaluation of diversity and the genetic relationship in several crops of agronomic interest, such as wheat (Mir et al., 2012) , cotton (Menezes et al., 2010) , maize (Qi-Lun et al., 2008) , alfalfa (Flajoulot et al., 2005) , soya (Brown-Guedira et al., 2000) , beans (Cabral et al., 2011) , and rice (Borba et al., 2009; Wei et al., 2009 ).
The objective of this study was to determine, through the use of microsatellite markers, the structure and genetic diversity of high performance rice cultivars, commercially released within the period from 1983 to 2005, and indicated for upland and irrigated cultivation systems.
MATERIAL AND METHODS

Vegetable samples and DNA extraction
A total of 29 rice cultivars of high agronomic performance, developed and released by both private and public institutions in the period between 1983 and 2005 and recommended for several regions of the country, were analyzed. Accessions of these cultivars are stored in the germplasm bank of Embrapa Arroz e Feijão, and are available upon request (Table  1) . Four plants per cultivar were analyzed separately, totaling 116 plants. The extraction of genomic DNA was obtained from young leaves according to the CTAB protocol, described by Brondani et al. (1998) .
Amplification of fragments
A total of 24 microsatellite primer pairs were used for genotyping in a multiplex amplification system ( Table 2 ). The selection of these markers was based on their discriminative power, simple amplification pattern, and for having independent segregation (Borba et al., 2009 ). The reactions were prepared with Multiplex PCR Kit (Qiagen) at a final volume of 5 µL, containing 3 ng DNA, 1X Master mix, Q-solution 0.5X various primer pairs concentrations (forward and reverse) according to Borba et al. (2009) , and RNase-free water. The amplification reactions were conducted in a thermocycler 9700 (Life Technologies) with the following schedule: initial denaturation at 95°C for 15 min, followed by 40 amplification cycles, with each cycle consisting of denaturation at 94°C for 30 s, annealing at 56°C for 90 s, and extension at 72°C for 90 s; and, finally, a final extension at 72°C for 10 min. The amplification products were separated by capillary electrophoresis on an ABI 3100 DNA sequencer (Life Technologies). Locus genotyping (in bp) was performed through the GeneMapper 3.5 program (Applied Biosystems), using the ROX 500 internal molecular weight marker (Life Technologies).
Data analysis
The descriptive analysis of the cultivars genetic diversity was carried out using estimates of the allelic frequencies of the polymorphic loci, number of alleles per locus (N A ), number of private alleles (Ap -alleles found in a single plant or cultivar), gene diversity or expected heterozygosity (H E ) and observed heterozygosity (H O ), fixation index (F IS ), probability of genetic identity (PI) and probability of paternity exclusion (PE) from single locus and multilocus using the GenAlEx v6.5 program (Peakall and Smouse, 2012) .
Genetic divergence (GD) among cultivar pairs was calculated based on Wright's modified Roger's coefficient, using the NTSYS program. The GD matrix was then used to design a dendrogram employing neighbor joining clustering method using the MEGA7 program. The genetic structure was analyzed from the Bayesian model implemented by the program Structure (Pritchard et al., 2000) , with the "admixture" options and correlated allelic frequencies. Ten runs were performed for the tested values of K (1 to 10), with burn-in of 50,000, followed by 500,000 interactions. The number of genetic groups (ΔK) was determined according to the method of Evanno et al. (2005) , using the program Structure harvester (Earl and VonHoldt, 2012) . The analysis of molecular variance (AMOVA) was performed to verify the partitioning of genetic variation between and within the cultivars, through the GenAlEx program (Peakall and Smouse, 2012) . In this particular analysis, each allele was labeled with (1), when present, and (0) when absent. Later, an AMOVA was performed, based on the identification of the presence or absence of genetic structure by the Structure software, and the genetic diversity indexes were re-analyzed for the genetic structure found.
RESULTS AND DISCUSSION
All the 24 microsatellite markers analyzed were polymorphic, totaling 163 alleles, with a mean of 6.83 alleles per locus, ranging from two (RM309) to ten alleles (4653, OG106 and RM248) per locus of SSR (Table 3) . Similar numbers of alleles per locus (8.0 and 6.6) were found in accessions from an Indian germplasm bank of aromatic rice and traditional Cuban rice varieties, respectively (Roy et al., 2015) . When compared for a germplasm formed of rice lines from different countries was lower (12 per locus) (Borba et al., 2010) .
The genetic diversity calculated in the 29 rice cultivars studied was high (H E = 0.675 ± 0.032), ranging from 0.354 in the locus OG44 to 0.846 in the locus RM257. Roy et al. (2015) , Borba et al. (2009 Borba et al. ( , 2010 ) also found expected average heterozygosity close to that found in the present study in different accessions of the germplasm bank in India (0.67) and foreign, traditional and improved accessions from the Embrapa Rice Core Collection (0.67).
Although the material presents a high level of diversity, it also presents low levels of observed heterozygosity evidenced by the average value of H O = 0.009 (± 0.003). It was zero in 15 of the 24 SSRs locus evaluated, and in the others loci ranged from 0.009 in the SSR locus 4653, RM171, and RM222, to 0.128 in loci RM287. These low H O values corroborate with the predominantly autogamous reproductive system of the species, also indicated by the high fixation index, F IS = 0.982 (± 0.008). These values of H E , H O and F IS demonstrate that the genetic diversity found is organized in homozygous genotypes, indicating the purity of the cultivars released and thus their homogeneity and genetic stability.
N A = number of alleles; H E = expected heterozygosity; H O = observed heterozygosity; PI = probability of genetic identity; PE = probability of paternity exclusion. The heterogeneity of the cultivars was evaluated considering genotype variation within the four individual plants per cultivar, for each locus. All rice cultivars included in this study had at least one heterogeneous SSR locus with heterogeneity. The number of heterogeneous loci ranged until 20, as in the case of the "Centro América cultivar (Table 1) . For 11 of the 29 cultivars, the heterogeneity was attributed to heterozygotes observed in one or two locus. For the other cultivars the cause of heterogeneity were homozygotes for different alleles in the different plants of the cultivar, corroborating with the low value of H O .
The cultivars Centro América, Ajuricaba, MG-1 and Samburá presented higher number of SSR locus indicating heterogeneity, with 20 (83%), 17 (71%), 16 (67%), and 14 (58%) of the analyzed markers, respectively. The genetic variation found within each plant and cultivar corresponds to about 1.0 and 20%, respectively, as indicated by AMOVA, while 80% is concentrated among the cultivars, presenting a high genetic differentiation value (F ST ) of 0.796 (P value < 0.01 for 9999 permutations). Additionally, no identical cultivars were observed, therefore the 24 SSRs presented a high discriminatory power. This is reinforced by the average PI value (4.4 x 10-22) and multi locus PE value (1.00), as well as single locus values, which ranged from 0.044 (locus RM257) to 0.441 (loci OG044), and 0.268 (locus RM309) to 0.856 (locus RM257), respectively (Table 3) .
Thirty-three alleles were private (Ap), those that were present only in a specific cultivar. This total Ap represents 20% of the amplified alleles. The cultivars BRS Aroma, BRS Colosso, and MG-1 presented the highest number of private alleles, with five, four, and four of these 33 private alleles, respectively (Table 4 ). The greater the number of private alleles found in a cultivar, the more divergent its origin, thus demonstrating a broader genetic base of the material analyzed, therefore relevant to breeding programs. The 29 rice cultivars showed an intermediate genetic divergence, as indicated by the estimated mean GD value of 0.535, and 68% of the pairwise comparisons between genotypes with GD greater than or equal to 0.50. The lowest value for the genetic distance (0.184) was found between cultivars Aliança and Urucuia, both cultivars of the upland crop system, while the highest distance value (0.666) was detected between cultivars BR4 and BRSMG Seleta, one of the cultivars of an upland system and another of an irrigated system, respectively. The evaluated cultivars were organized into two groups, both by neighbor joining cluster analysis (Figure 1 ) and Bayesian model (Figure 2) . The green group (Figure 2 ) was formed by 9 cultivars of the upland system, and the red group by 18 cultivars of an irrigated system and 1 of the upland (Mearim). The cultivar Acrefino forms an intermediate branch to the upland and irrigated pools. The cultivar Acrefino was developed for cultivation in the state of Acre for the upland cultivation system, but is favored by an average rainfall of 2000 mm/year. (Figure 2 ). Excluding the admixture plants, the structuring of the cultivars (∆K=2) defined in the cluster analyzes was significantly elevated and different from zero, with a F ST value of 0.349 (P < 0.05).
A genetic structure similar and organized for cultivation (irrigated or upland) system was observed by Borba et al. (2010) , when analyzed accessions from breeding programs of Brazil and other countries. The stratification observed demonstrated the driven and independent selection in breeding programs for each system of cultivation, that historically is based according the distinct genetic pool from indicate (irrigated) and japonica (upland) subspecies.
The diversity was greater within group composed by most of the irrigated rice cultivars, represented in red in Figure 2 (N A = 114, Ap = 73, H E = 0.547), when compared to the group of the upland rice represented in green (N A = 85, Ap = 44, H E = 0.475) ( Table 5) . Similar results were found by Borba et al. (2010) both in foreign and Brazilian accessions. Probably this was due to the use of genetically related parents in the upland rice group (japonica subspecies), which has narrow genetic variability in relation to indicate subspecies (Yu et al., 2013) . In the temporal comparison of the genetic diversity descriptors, separately by cultivation system, in the 1980's, 1990's, and 2000's, there was a slight diversity increase in the cultivars of upland rice and a decline in the cultivars of irrigated rice (Table 5 ). The H O was similarly low and declining among the decades for the cultivars of both cultivation systems, demonstrating the rigor to produce pure seeds of these cultivars. A high and significant genetic differentiation of the cultivars in both systems was observed (upland F ST = 0.326 and irrigated F ST = 0.209, P value = 0.001), in addition to a significant and growing increase in genetic differentiation over the decades (Table 6 ).
Based on a core set of 24 highly polymorphic SSR markers, we have determined the genetic relationship and the degree of genetic diversity among a collection of 29 rice cultivars possessing a wide variability of agromorphological and physiological traits. Together with this data, we indicated the occurrence of lower rates of admixture between irrigated and upland cultivars. The results of this study complement the phenotypical data of this important germplasm, and provide a valuable tool for use of rice breeding program. 
